A reconstruction algorithm for blade surface from less measured points of section curves is given based on B-spline surface interpolation. The less measured points are divided into different segments by the key geometric points and throat points which are defined according to design concepts. The segmentations are performed by different fitting algorithms with consideration of curvature continuity as their boundary condition to avoid flow disturbance. Finally, a high-quality reconstruction surface model is obtained by using the B-spline curve meshes constructed by paired points. The advantage of this algorithm is the simplicity and effectivity reconstruction of blade surface to ensure the aerodynamic performance. Moreover, the obtained paired points can be regarded as measured points to measure and reconstruct the blade surface directly. Experimental results show that the reconstruction blade surface is suitable for precisely representing blade, evaluating machining accuracy, and analyzing machining allowance.
Introduction
Blades with free-form surface are widely used in aviation industry. Generally, the blade cannot be finished in once machining, and the measurement and reconstruction are needed repeatedly until the deviation between reconstruction model of semifinished blades and the designed ones meets the requirements. Besides that, the blade design and damaged blade repairing also need the reconstructed model from the existing ones. Therefore, the reverse technology about blade surface has received extensive attention recently in both research and industrial areas [1] [2] [3] . For reconstruction of blades, the measured points are usually obtained from the coordinate measuring machine and then transformed into a 3D model by using surface reconstruction algorithms for further work [4] .
The algorithms [5] for surface reconstruction proposed in literature can be divided into two classes: triangular mesh algorithms and parametric surface algorithms. In general, the purpose of triangular mesh method is to transform the measured points data to a mesh surface. First, a triangular mesh is generated as a seed. And then by an optimized algorithm for regional growth a smooth surface passes through the optimized mesh which is reconstructed [6] . The triangulation method for measured points has a low efficiency in the calculation process [7] . And the triangular mesh surface is imprecise and easily influenced by noise for reverse engineering [8] [9] [10] [11] . However, parametric surface can be more efficient and accurate to represent the reconstruction models, which are widely used in many practical applications.
Parametric surface algorithms mainly include quadratic surface fitting, B-spline surfaces, nonuniform rational Bspline surfaces (NURBS), lofted surface fitting, and sweep surface fitting [12] [13] [14] [15] [16] . When parametric surfaces are used to represent the object, the use of B-spline surface is popular due to the controllability and high accuracy. Dan and Lancheng [17] proposed a new parametric NURBS surface reconstruction algorithm. They selected × measured points as control points to construct a NURBS surface; then all measured points were used to modify the surface by least squares minimization. Weiss et al. [18] proposed the surface fitting method, the cloud data is firstly fitted for different patch surfaces, and then the patch surfaces are fitted by an appropriate surface. Yin [19] proposed 2 International Journal of Aerospace Engineering a similar NURBS surface algorithm which used the chosen points as the control points to construct initial surfaces and then modified them by boundary conditions. An automatic reconstruction of B-spline surface was proposed by Lin et al. [20] . The generated surface is smooth enough to meet the machining requirements, but the main drawback of the generated surface is that it usually does not coincide with the original points. Gálvez and Iglesias [21] proposed a NURBS surface reconstruction algorithm based on a PSO approach in which no pre-/postprocessing is required. The method could obtain all relevant surface data that is very time consuming. As mentioned above, all of the existing algorithms take a significant amount of time or have low accuracy, since they need to parameterize the measured points and then apply various fitting methods to construct surfaces based on minimization conditions. Moreover, the works cannot be directly used to reconstruct surfaces for blades. These algorithms were applied to reconstruct blade surfaces without considering the specific design requirements; the reconstructed surface model could not satisfy the aerodynamic performance of blades.
Usually, a blade model is reconstructed through twodimensional section curves. The section curves are stacked to build the three-dimensional surface model through a skinning operation. Ma and Kruth [22] provided a NURBS curve and surface fitting algorithm. For the first time, the weights of control points were determined by singular value decomposition and then the control points were calculated by a least squares minimization. Abbas et al. [23] proposed a constructive method to generate a B-spline curve under certain boundary conditions. The method is not used to construct a complete curve but to achieve local control. Yoo [24] introduced a base surface algorithm by creating a smooth implicit surface from a sequence of CT image data and then the reconstruction surface is constructed by using the base surface. A B-spline surface fitting algorithm introduced by Yuwen et al. [25] directly extracted section curves and created a B-spline surface by skinning the section curves. Wu et al. [26] developed an adaptive slicing method for cloud data. The point cloud was segmented to a series of layers whose thickness was defined by shape-error tolerance. Zhang et al. [27] proposed a similar slicing method that used an iterative algorithm to acquire specific shape-error tolerance. Hsiao and Chen [28] proposed a surface reconstruction method based on the feature curves. The main point of the method is the consideration of surface patches stitching. To achieve an accurate reconstructed surface model, the section curves must be recognized as accurately as possible. A surface reconstruction method based on the imperfect points was proposed by Li et al. [29] . First, interpolation Bspline surface is generated according to the given points and then generating a new B-spline surface after removing some points. Finally, the influence is analyzed by comparing the two surfaces. These surface reconstruction methods usually require uniform and intensive enough points to reconstruct the curve and obtain accurate reconstruction surfaces [30] . However, in actual machining process of blades, it is usually to measure a small amount of points, in order to reduce the measuring time and improve the machining efficiency [31] .
The above methods are not applicable to reconstruct a smooth blade surface based on less measured points.
To obtain a smooth reconstruction surface model for blade according to the given measured points, a novel method which considers the influence of design parameter on aerodynamic performance for blade is introduced in this paper. The proposed method has two major advantages: (1) it is efficient to compute the section curves for surface reconstruction since the processing reserves the design characteristic enough to ensure aerodynamic performance of blade; (2) the method generates rectangular net from less measured points for reconstructing B-spline surface quickly and guides the choice of the paired points as measured points effectively. This paper is organized as follows. Section 2 details the algorithm for reconstructing the blade surface model. Section 3 presents several experimental results. Some concluding remarks are drawn in Section 4.
The Proposed Reconstruction Method
This section details the B-spline surface reconstruction algorithm. A B-spline interpolation surface algorithm is proposed to obtain the blade surface model based on section curves fitting algorithm. In the first step, based on the coordinates of the measured points, a series of section curves is created covering the measured points. In the second step, the surface model is created. The detailed reconstruction process is shown in Figure 1 .
Extracting the Less Measured Points.
For the purpose of the rapid and efficient measurement, the less measured points are extracted firstly. Due to the special properties of blades, we usually only get the discrete points of section curves from the blade theoretical model. According to the set compression accuracy, the less measured points are extracted from the discrete points. As shown in Figure 2 , eight equally spaced points and two extreme points of the curvature which located on the leading and trailing edge regions, respectively, are selected from the theoretical blade section curve to constitute the basic measured points set. First, a cubic B-spline curve is obtained by interpolating the basic measured points set. Second, the maximum Hausdorff distance [32] is calculated between the B-spline interpolation curve and the theoretical blade section curve. Finally, the point of the maximum Hausdorff distance is added to the basic measured points set. Repeat the above steps until the maximum Hausdorff distance meets the set compression accuracy. The regained basic measured points set is regarded as the less measured points to measure the blade surface.
Section Curves Fitting.
A good result of the reconstruction algorithms usually can reflect the original design idea. For blade surface reconstruction, the shape accuracy of leading and trailing edges and its connection relationship with other parts of blade have an important influence on blade dynamic performance. Therefore, our effort is concentrated on smoothly jointing the leading and trailing edges with the main parts of blade, which can avoid flow disturbance and flow separation regions [33] . Hamakhan and Korakianitis [34] proposed the continuous slope of curvature or the thirdderivative continuity in the joint points of section curves, which can be used to avoid flow separation. They used a set of high order curves to ensure the continuity at joint points, which takes a lot of computation time. In this paper, we divide the blade section curve into four segments, trailing edge region, leading edge region, suction side, and pressure side, which are described by two kinds of curve types. As shown in Figure 3 , the trailing edge region starts from the throat point at the suction side. For the pressure side, there is no corresponding throat point, and a key geometric point is selected as the joint point to describe the other boundary of trailing edge region. A similar technique is used to describe the leading edge region. For the selection of key geometric points, the change rate of less measured points curvature is applied. A cubic B-spline interpolation curve is used to calculate the curvature. The mathematical formula of cubic B-spline curve function can be expressed:
where is the order, are the controls points, , are the normalized B-spline basis functions, and are the parameters. The recurrence formula of the derivative is
where (0) = , = 0,
where is the order of the derivative. The curvature can be calculated by
where ( ) is the first derivative and ( ) is the second derivative.
For the selection of throat point, as shown in Figure 4 , the throat diameter is calculated by the throat/chord ( / ): where is the tangential lift coefficient, 1 is inlet flow angle, and 2 is outlet flow angle. The tangential lift coefficient usually ranged from 0.8 to 1.2 [35] .
The main parts (suction side and pressure side) of blade section curve are described by a cubic B-spline fitting algorithm firstly, which can get the parameters of joints points.
The blade trailing edge region and leading edge region are described with the following equation, respectively:
where 1 , 2 , 3 , and 4 are exponential functions [36] , resulting in terms of increasing importance as we approach points and ; and are joint points on the suction and pressure side.
This equation contains eight unknown coefficients ( 0 , . . . , 7 ) and four unknown parameters ( 1 , . . . , 4 ). These can be calculated by the conditions of point, first-, second-, and third-derivative continuity of blade section curves at the joint points, and prescribing the region shapes using the least squares minimization.
Rectangular Curve Meshes Construction.
Due to the different shapes of blade section curves, the less measured points may not be same for all section curves. In order to reconstruct the blade surface model, all section curves should have the same number of points and be interpolated by reconstruction algorithm. However, the points not only have the same number in each section, but also should correspond to each other in two different sections.
As shown in Figure 5 , the two adjacent section curves have different measured points ( 1 , . . . , ) and ( 1 , . . . , ). First, we connect the boundary points ( 1 , 1 ) and ( , ), and the intersection point is . And then calculate the angles ( 1 , . . . , ) and ( , . . . , ) formed with the boundary connection line and the lines connecting intersection point and points ( 1 , . . . , ) and ( 1 , . . . , ), respectively, decide the corresponding relationship between points and by comparing the difference between the angles and . Points and are seen as a pair if the difference between the angles International Journal of Aerospace Engineering 5 satisfies the desired accuracy. For the rest of measured points on the section curve, we add points on the other section curve as their corresponding points if the distance between the points and the line connecting intersection point and measured points are minimum. For example, the point 1 is added to the measured points list ( 1 , . . . , ) and taken as a pair with the point 5 . We select the adjacent section curves to add the points in each iteration, which start from the section curve which has the most measured points. The corresponding relationship between the points on different section curves will be obtained after the iteration process.
Blade Surface Reconstruction.
Based on the corresponding points, we can get a cubic B-spline interpolation surface. In order to get a cubic B-spline interpolation curve, we use the centripetal method to parameterize knots ( = 0, 1, . . . , ), = +6 of measured points ( = 0, 1, . . . , ). These points ( = 0, 1, . . . , ) have the corresponding knots value 3+ ( = 0, 1, . . . , ).
. . , ) and 0 = 0,
For the closed section curve, 3+ =̃, = +2. Consider the following:
For the streamwise direction open curve, 3+ =̃, = + 2. Consider
The problem of interpolating + 1 points into a cubic Bspline curve can be described as follows:
The B-spline interpolation surface is the extension of Bspline curve in two parametric directions, whose equation is as follows:
where ,3 ( ) and ,3 (V) are the B-spline basis functions in the parametric and V directions, respectively. , are the control vertices of the rectangular meshes. In reverse engineering, the shape error between the reconstruction surface model and theoretical model is significant. For the blade reconstruction surface, the measured points are used to construct the B-spline interpolation curve and then extended into B-spline interpolation surface of blade. The deviation between the theoretical surface and the B-spline interpolation surface is calculated as the shape error. If the error is smaller than the given tolerance, the reconstructed interpolation surface will be obtained.
Case Studies
The following sections used two blades to illustrate the efficacy of the proposed algorithm for reconstructing surface. The two blades of different geometry shapes were measured by a coordinate measuring machine, which is supplied with noncontact laser displacement sensor KEYENCE LK-G150 as shown in Figure 6 . In this paper, the less measured points are obtained from the theoretical blade section curve under compression accuracy of 0.05 mm. We take two aspects into consideration to validate the reconstruction algorithm, the computation time, and the shape error.
The Reconstruction of a Simple Blade.
When the measurement step is set as 0.1 mm, the normal measured points of six section curves for the simple blade were 12011. As shown in Figure 7 , the less measured points were 394 and the compression rate can reach 96.7%. The less measured points were processed to select the key geometric points shown in Figure 8 . For the selection of throat points, is 0.8, 0.86, 0.96, 1.06, 1.17, and 1.2 from the hub to tip of blade section curves. In order to generate the rectangular curve meshes, measured points in each section curve were matched as a pair and 284 points were added (Figure 9 ).
When the continuous curvature is used to check the continuity of blade surface, the reconstructed surface model (Figure 10 ) could be imported to the CATIA software to analyze the continuity of surface based on the reflection lines of the zebra mapping. Figure 11 shows the zebra mapping with regular density, which certifies the curvature of surface is continuous. The application of the proposed algorithm enabled the originally independent section curves to be integrated into a smooth blade surface. Simultaneously, continuity and geometric information required for design could be guaranteed by the section curves fitting.
To analyze the reconstruction surface model accuracy, the shape error can be obtained accurately by a comparison between the reconstruction surface model and the theoretical model using Geomagic software. The comparison result, as shown in Figure 12 , shows that maximum error is mainly distributed in the leading and trailing edges. This phenomenon indicates that the leading and trailing edges have larger machining error than the other parts of blade and it is possible to improve the accuracy by adding more measured points of these edges.
Similarly, we also compare the proposed method and Xie [15] and Kineri [16] under normal measured points ( Figure 13 ) and the comparison results are shown in Table 1 . Compared with other algorithms, the proposed algorithm with less measured points has better accuracy of reconstruction surface under less time. Generally, the more the points we use, the higher the fitting accuracy will be and the longer the computation time will be. The reason for this phenomenon is that the proposed method not only improves the reconstruction accuracy by adding the matched points but also reserves more details on blade edges while the other methods only improve the overall reconstruction accuracy. In addition, the machining error and measurement error will also lead to large error of the reconstruction models. It is difficult to give the accurate performance of the computation time. The main reason is that the computation time largely depends on the computer performance and the written programs. Therefore, the absolute value of each CPU time is not interesting. Only the tendency between the algorithms needs to be noticed.
The Reconstruction of a More Complex
Blade. The proposed surface reconstruction algorithm also has been tested by using a more complex blade which was measured by 136 less measured points. The normal measured points of five section curves were 11286 under the measurement step set as 0.03 mm, and the compression rate is 98.8%. First, we directly identified the section curve segmentations through the key geometric points and throat point, and then the points rectangular meshes are generated for reconstructing a Bspline surface, which are shown in Figures 14-16 . The whole surface reconstruction procedures have been successfully applied to the given measured points (Figure 17) .
A good quality of continuity was observed by investigating zebra mapping of the reconstructed surface, as shown in Figure 18 . The 2 continuity is achieved for Bspline interpolation surface based on the continuous section curves. Error analysis of the reconstruction blade surface was carried out to check the reconstruction accuracy as shown in Figure 19 . The maximum error, similarly, mainly distributed in the leading and trailing edges. More than two-thirds of the reconstruction model has a maximum deviation of 0.044 mm from the theoretical model. For the comparison with the other existing algorithms, the 3D comparison analysis results between the theoretical model and the reconstruction model are shown in Figure 20 and Table 2 .
From the comparative analysis results of the two blades, it can be seen that the reconstructed surface of proposed algorithm can meet the accuracy requirements. The error distribution of leading and trailing edges is larger than the other parts of blade surface. Therefore, the reconstruction accuracy will be improved by increasing the number of measured points of leading and trailing edges and improving the machining accuracy of these edges. In order to directly obtain the reconstruction surface model for blade to the given measured points, the number and position of points that already matched can be regarded as the more reasonable less measured points to measure blade surface again.
Conclusions
A blade surface reconstruction algorithm was proposed and applied in this paper. Reconstruction process has several steps including segmentation of section curves with consideration of the design information to avoid flow disturbance, merging of section curves according to the B-spline curve curvature continuity, and alignment of measured points with a required accuracy. By applying this algorithm to reconstruct blade surface from less measured points, the aerodynamic performance of blade is ensured by considering the design information and curvature continuity. Another advantage of this work is that the reasonable number and position of paired points could be obtained efficiently, which can be regarded as the measured points to measure and construct a reconstruction blade surface directly. The proposed reconstruction algorithm was applied to two example blades. The shapeerror results indicate that the accuracy of the algorithm for main parts of blade with smaller curvature variation can be well controlled. However, for sharp edges of blade with more curvature variation achieving high accuracies may need more measured points to represent the shape of blade. We believe that the proposed algorithm has the potential to perform all kinds of blades automatically. The algorithm is facile, fast, and simple as demonstrated by our experimental results.
